repressed. T-β-MCA, which is metabolized in wild-type mice, led to the discovery of glycine-β-muricholic acid (Gly-MCA) that is stable in the intestine and a potent inhibitor of FXR signaling. These studies reveal that ceramides produced in the ileum under the control of FXR, influence metabolic disease, and suggest that novel FXR antagonist such as Gly-MCA that specifically inhibit intestine FXR, could serve as potential drug for the treatment of metabolic disease. The farnesoid X receptor (FXR, NR1H4) was first described as an orphan receptor [1] , and as a farnesoid-activated nuclear receptor [2] , when initially discovered by two laboratories. Subsequently, bile acids (BA) were found to be the natural endogenous ligands for FXR [3] . FXR is expressed in liver and intestine, and at lower levels in the adrenal gland [4] ; it is also expressed in certain cells of the kidney [4, 5] . FXR controls BA synthesis and transport and the enterohepatic circulation of BA as revealed by gene expression studies and the cholestatic liver phenotype in the Fxr -null mice [6] . Endogenous ligands for FXR include the primary BA chenodeoxycholic acid (CDCA), and cholic acid (CA), the secondary BA deoxyKeywords Bile acids · Farnesoid X receptor · Ceramides · Obesity · Diabetes · Non-alcoholic fatty liver disease Abstract Farnesoid X receptor (FXR) regulates the synthesis, transport and enterohepatic circulation of bile acids (BA) by modulating the expression of related genes in the liver and small intestine. The composition of the gut microbiota is correlated with metabolic diseases, notably obesity and non-alcoholic fatty acid disease (NAFLD). Recent studies revealed that bacterial metabolism of BA can modulate FXR signaling in the intestine by altering the composition and concentrations of FXR agonist and antagonist. FXR agonist enhances while FXR antagonist suppresses obesity, NAFLD and insulin resistance. The role of intestinal FXR in metabolic disease was firmly established by the analysis of mice lacking FXR that are metabolic resistant to HFD-induced metabolic disease. This is mediated by FXR modulating in part the expression of genes involved in ceramide synthesis in the small intestine. In ileum of obese mice due to the presence of endogenous FXR agonists produced in the liver, these genes are activated, while in mice with altered levels of specific gut bacteria, levels of an FXR antagonist, tauro-β-muricholic acid (T-β-MCA) increase and FXR signaling and ceramide synthesis are
cholic acid, and lithocholic acid, and the conjugated BA taurocholic acid. When BA levels increase in the liver, FXR is activated by these ligands, BA synthesis is suppressed, BA transport to the small intestine is increased, and BA uptake from the blood is decreased as a result of increased and decreased expression of FXR target genes that include BA transporters and BA synthesis enzymes. FXR-mediated gene suppression occurs through the novel pathway of induction of the small heterodimer partner (SHP, NR0B2), a member of the nuclear receptor superfamily that binds to and interferes with the positive regulation of gene expression by other nuclear receptors including liver receptor homolog-1 (NR5A2) and liver X receptor (NR1H3); these nuclear receptors are involved in the control of genes that participate in BA synthesis and transport [7] . Shp is a direct FXR target gene in the liver and ileum. The role of FXR in the regulation of BA homeostasis is shown in figure 1 . In the liver, through the SHP pathway, FXR suppresses CYP7A1, the rate-limiting enzyme in BA synthesis, and Na + -taurocholate cotransporting polypeptide (NTCP, SLC10A1) that transports BA from the blood to the liver. FXR directly activates the expression of bile salt export protein (BSEP, ABCB11) that transports BA from the liver to the gall bladder (GB). OATPs and ABCB4 also contribute to BA transport in the liver. Thus, when BA levels increase in the liver, CYP7A1, the rate-limiting enzyme in BA synthesis, is decreased, NTCP and BA uptake from the blood is decreased, and BSEP and BA transport to the intestine is increased. In the ileum enterocyte, FXR activation by BA agonists produced in the liver enhances transport of BA from the gut lumen to the blood by inducing expression of apical sodium-BA transporter (ASBT, SLC10A2) and organic solute and steroid transporter alpha-beta (OSTα/β that transports BA from the enterocyte to the blood [8] . Induction of intestinal BA-binding protein (I-BABP) by FXR also enhances this transfer across the enterocyte to reach ASBT. There is another means by which intestinal FXR controls BA synthesis in the liver. Intestinal FXR induces the expression of the fibroblast growth factor (FGF)15 (designated FGF19 in humans) gene ( Fgf15 ) in the enterocyte. FGF15/19 is transported to the liver and binds to and activates the hepatocyte plasma membrane receptor complex FGFR4/β-Klotho, resulting in the suppres- Roles of FXR signaling in the enterohepatic circulation of BA. BA are synthesized from cholesterol (Chol) with CYP7A1, a cholesterol 7α-hydroxylase as the ratelimiting enzyme. BA activates FXR, which through control of a number of genes, accelerates BA export from liver through direct induction of BSEP expression, and decreases BA uptake to liver by the suppression of NTCP expression via hepatic FXR-SHP signaling. FXR decreased BA synthesis by the SHP-mediated suppression of the gene encoding CYP7A1. In the intestinal epithelia cells, BA activation of FXR decreases BA absorption at the intestine through the suppression of ASBT via FXR-SHP signaling, and stimulated BA transport to the blood by induction of the gene encoding OSTα/β. Transport across the enterocyte is facilitated by I-BABP, which is also induced by FXR. FXR also induces the expression of FGF15/19, which upon binding to FGFR4-βKlotho complex on the plasma membrane, suppresses the expression of CYP7A1 in the liver. FGF15/19 also stimulates filling of the GB through binding to FGFR3. Thus, when hepatic and ileal BA levels increase, FXR is activated, leading to decreased BA pool size. sion of CYP7A1 expression [9] . FGF15/19 also promotes emptying of the GB that facilitates the dumping of hepatic BA to the intestine through binding to the FGFR3/ β-Klotho complex [10] . Under conditions where BA levels are markedly elevated in the intestine, FXR is activated, which stimulates the transport of BA into the blood stream for delivery back to the liver and through FGF15/19 lowers hepatic BA synthesis. In summary, elevated hepatic BA activate FXR to increase their export to the intestine, decrease uptake of BA from the blood and decrease BA synthesis. Intestinal FXR activation further increases FXR15/19 to decrease BA synthesis in the liver through the suppression of CYP7A1 expression.
FXR Mediates the Influence of Gut Bacteria on Metabolic Disease
It is firmly established that the gut microbiota is markedly altered in obesity and related metabolic abnormalities including insulin resistance and fatty liver as compared with normal healthy controls [11, 12] . This suggests that gut bacterial composition mediated metabolic diseases. However, the precise mechanism for this association between the gut microbiota and metabolic disease has remained elusive. Gut bacteria could contribute to the metabolism of dietary compounds such as fatty acids and thus decrease calorie consumption by the body or gut bacteria could produce metabolites from dietary constituents that influence systemic biochemical processes that promote metabolic disease [13] . For example, bacteria fermentation produce butyrate and short chain fatty acids that can, under the right circumstances, have deleterious effects in the host leading to metabolic disease.
An observation made 13 years ago led to recent studies revealing that FXR mediates in part the influence of gut bacteria on metabolic disease [14] . Mice fed the antioxidant tempol, a low molecular weight, free radical nitroxide that protects cells from oxidative stress, gained less weight than their control counterparts on an either normal low-fat or a high-fat diet, and this was accompanied by decreased spontaneous cancer and increased longevity [14] . The mechanism of the tempol effect was investigated by use of metabolomics revealing an increase in fatty acid metabolism and an alteration of the composition of the gut microbiota after oral administration of tempol [15] . The latter was confirmed by 16S rRNA gene-sequencing community analysis revealing that upon tempol administration, the intestinal bacterial population was shifted from the phylum Firmicutes to Bacteroidetes within 5 days of commencing treatment, with specific decreases within the phylum Firmicutes, in the Lactobacillaceae family, due to reduced levels Lactobacillus spp. [16] . While the shift in the microbiota composition was correlated with the effects of tempol, the mechanism was unclear. Other studies revealed that mice on tempol have elevated levels of the conjugated BA tauro-β-muricholic acid (T-β-MCA) as compared to their control counterparts. It is known that bacteria, including Lactobacillus spp., have bile salt hydrolase (BSH) that hydrolyzes conjugated BA produced in the liver; this likely accounts for the increase in T-β-MCA in tempol-treated mice, since lower Lactobacillus spp. and BSH would result in less T-β-MCA hydrolysis [16] . A clue to the link between Lactobacillus spp. and obesity was revealed by the finding that T-β-MCA is an antagonist of FXR [16] . Indeed, mice fed with tempol had lower FXR signaling in the intestine than did control mice, as determined by the analysis of mRNAs encoded by the FXR target genes Shp and Fgf15 [16] . Similar results were found with mice that were administered antibiotics, thus further confirming that gut bacteria and BSH activity modulated intestinal levels of T-β-MCA [17] . The question then arose as to whether tempol or antibiotics administration, which lowered Lactobacillus spp. and BSH activity, increased intestinal T-β-MCA, and suppressed FXR, was the main pathway that led to the modulation of obesity, insulin resistance and fatty liver. This was established by studies using mice that lack FXR expression in the intestine; these mice when fed a high fat diet exhibited less obesity, insulin resistance and fatty liver compared with their wild-type counterparts [16, 17] . Mice lacking intestinal FXR fed on HFD were also resistant to the effects of tempol and antibiotics, although they were already metabolically fit [16, 17] .
Mechanism by Which FXR Controls Metabolic Disease
HFD-induced obese mice have elevated levels of serum ceramides, which were decreased by about 30-50% when treated with tempol or antibiotics. Intestine-specific Fxr -null mice also have lower serum ceramides as compared to their wild-type counterparts [16, 17] , indicating that the ceramide levels are controlled in part by FXR. While ceramides are essential lipids for normal skin and nerve function, at high concentrations, they can have adverse effects [18, 19] . Ceramide levels are positively correlated with metabolic disease in mice and correlative studies in humans suggest that ceramides are associated with metabolic disease, such as insulin resistance [20] [21] [22] . Ceramide levels are regulated by secreted endocrine factors and nuclear receptors involved in the control of metabolism. For example, the positive effect of FGF21 on insulin resistance is due in part to reduced cellular ceramides as a result of adiponectin stimulation of ceramide conversion to sphingosine [23] . Antagonism of FXR on metabolic disease appears to be mediated though the modulation of ceramide levels.
Mechanistically, mice under intestinal FXR antagonism or lacking intestinal FXR have increased beige adipose depots that mediate weight loss by increasing energy expenditure. Similar to brown adipose tissue, beige adipocytes are associated with increased metabolism and decreased obesity [24] . The increased beige adipose, as measured by monitoring uncoupling protein 1 expression and other genes that are preferentially expressed in brown and beige adipocytes, is correlated with the lowering of serum ceramides through the modulation of FXR signaling in the ileum. Increased adipose beiging likely accounts for the weight loss in HFD-fed mice treated with tempol and antibiotics. This is due in part to the FXRmediated decrease in serum ceramides since ceramides inhibit conversion of white to beige adipose in vitro [25] . Ceramides also promote fatty liver as revealed by studies using primary mouse hepatocytes treated with ceramides [17] . SREBP-1C, a transcription factor that controls fatty acid synthesis in liver is induced and triglyceride levels increased when these cells are stimulated with ceramide.
In summary, in obese mice, BA produced in the liver and transported to the intestine may have high FXR agonist activity resulting in increased FXR signaling and elevated ceramide production ( fig. 2 ) . The antagonist T-β-MCA is rapidly hydrolyzed by the gut microbiotal and does not reach concentration that would inhibit FXR signaling. When obese mice are treated with tempol or antibiotics, T-β-MCA levels are elevated in the intestine due to lower and decreased BSH activity, so that FXR is inhibited and intestinal and blood ceramides are decreased. The decreased ceramides mainly result in increased adipose beiging and lower hepatic lipids. While it is currently not known whether this pathway exists in humans, FXR expression and signaling are increased in obese individuals. The composition of BA agonist and antagonist in humans need to be examined to determine whether human obesity is associated with increased FXR agonist/antagonist ratios. 
FXR as a Drug Target
Since FXR controls BA and lipid levels in liver, it has been considered a viable drug target for the treatment of cholestasis and fatty liver, including non-alcoholic fatty acid disease (NAFLD) and non-alcoholic steatohepatitis (NASH). A derivative of the FXR agonist CDCA [26] , 6α-ethyl-CDCA (obeticholic acid, OCA), was recently approved by the US FDA for the treatment of primary biliary cirrhosis (PBC), and is in clinical trials for treatment of NASH [27] . A reduction in NAFLD was observed in a phase 3 trial with OCA, although a few side effects were noted including pruritus [28, 29] . Increased plasma LDL cholesterol and decreased HDL cholesterol were also evident in these studies, suggesting that cardiovascular outcomes should be evaluated in patients under longterm treatment with OCA. OCA showed efficacy in the treatment of PBC, which is currently treated with ursodeoxycholic acid [30] . Thus, FXR was shown to be a therapeutic target for the development of drugs to treat liver diseases in humans. In mouse models, FXR agonist [31] and antagonist [25] were found to modulate metabolic diseases.
The above studies suggest that intestinal FXR could be a target for the treatment of metabolic diseases as revealed by the correlation between levels of the FXR antagonist T-β-MCA, FXR signaling and obesity, insulin resistance and NAFLD. To this end, a derivative of T-β-MCA, glycine-β-muricholic acid (Gly-MCA), was synthesized based on in silico modeling of T-β-MCA binding to the FXR ligand-binding domain [25] . Gly-MCA was resistant to BSH and stable in the intestine. Oral administration of Gly-MCA decreased FXR signaling in the ileum and decreased HFD-induced and genetic ( ob/ob mice) obesity, insulin resistance and NAFLD [25] . Thus, Gly-MCA mimicked the findings with tempol and antibiotic treatment and the intestine-specific Fxr -null mice. Furthermore, Gly-MCA, was associated with decreased serum ceramides and the favorable metabolic phenotypes; the positive metabolic effects of Gly-MCA were reversed by the injection of ceramides or by the administration of the FXR agonist GW4064 [25] .
The question arises as to the long-term consequences of FXR inhibition in the intestine. Notably, does lack of FXR signaling in the intestine alter the enterohepatic transport of BA? However, intestine-specific Fxr -null mice and wild-type mice treated with Gly-MCA still have similar BA pool sizes, although there are some changes in BA compositions, thus indicating that the enterohepatic transport is operational in the absence of FXR expression in the intestine [25] . It is not obvious whether these changes in BA composition might have deleterious consequences after long-term FXR inhibition.
An intestine-restricted FXR agonist, fexeramine, was found to cause lower weight gain, decreased insulin resistance, and lower steatosis in mice fed on HFD [31] . Fexeramine-treated mice also exhibited increased adipose beiging. While the beneficial metabolic effects are similar to those found with the FXR antagonist Gly-MCA, the mechanism is quite distinct [25] . Fexeramine requires almost tenfold higher oral dosing than does Gly-MCA, 100 mg/kg for fexeramine vs. 10 mg/kg for Gly-MCA. While Gly-MCA mediates its effect through direct modulation of intestinal FXR and ceramide production, fexeramine appears to require TGR5 as revealed by the use of Tgr5 -null mice [31] . Altered composition of BA metabolites in liver of fexeramine-treated, HFD-fed mice, which results from the induction of FGF15 and suppression of CYP7A1-mediated BA synthesis and transport, may activate TGR5 in the intestine or other sites of expression. Unlike fexaramine, Gly-MCA had no effects on intestinal TGR5-cAMP-GLP1 signaling in vivo, and the brown and beige fat TGR5-cAMP-DIO2 pathway. Luciferase reporter gene assays further demonstrated that Gly-MCA does not activate TGR5 signaling. Thus, the metabolic improvements after Gly-MCA administration were largely due to the specific inhibition of the intestinal FXR-ceramide axis. While this pathway may also be a viable means to treat metabolic disease, a high-affinity, intestine-restricted FXR agonist needs to be developed.
The safety of any FXR agonist or antagonist also needs to be considered. Chronic activation of FXR in transgenic constitutively-activated FXR mice resulted in liver toxicity and growth delay, suggesting that treatment with chronic FXR-activating agents' may lead to unwanted side effects [32] . To this end, whole body Fxr -null mice had a high incidence of liver tumors including hepatocellular adenoma, carcinoma and even hepatocholangiocellular carcinoma as compared to their wild-type counterparts [33, 34] . Fxr -null mice also have increased intestinal cancer [35] . Mice lacking expression of FXR in the liver are resistant to spontaneous liver cancer, but more susceptible to CA-induced liver cancer than wild-type mice [36] . Mice lacking FXR expression specifically in the liver, have increased in spontaneous liver cancer, but when treated with CA have increased liver tumors compared to control wild-type mice [36] . Long-term data from intestine-specific Fxr -null mice has not yet been collected. Thus, antagonists will be used chronically to treat metabolic disease, should not inhibit hepatic FXR. Intestinal FXR is a promising target for the treatment of metabolic disease; it is vital that any FXR antagonist must be restricted to the intestine, since inhibition of hepatic FXR could lead to cholestasis and even liver cancer.
In summary, Gly-MCA is a potential candidate for the treatment of metabolic disease since it inhibits FXR in the intestine but does not inhibit hepatic FXR [25] . Gly-MCA is also affective at oral administration with doses of 10 mg/kg, which is equivalent to an approximate dose of 1 gm for a 100 kg human. Further studies are warranted in order to determine the safety of this compound and other intestine-selective FXR inhibitors in mice and other animal models.
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